Abstract The La-dopping effect on the piezoelectricity in the K0.5Na0.5NbO3 (KNN) crystal with a tetragonal phase is investigated for the first time using the first-principle calculation based on density functional theory. The full potentiallinearized augumented plane wave plus local orbitals (APW-LO) method and the supercell method are used in the calculation for the KNN crystal with and without the La doping. The results show that the piezoelectricity originates from the strong hybridization between the Nb atom and the O atom, and the substitution of the K or Na atom by the La impurity atom introduces the anisotropic relaxation and enhances the piezoelectricity at first and then restrains the hybridization of the Nb-O atoms when the La doping content further increases.
Introduction
During the past years lead-free ferroelectrics and piezoelectrics have renewed interests. The K 1−x Na x NbO 3 (KNN) crystal is the most investigated lead-free piezoelectric system with high Curie temperature, the piezoelectricity of which can be greatly improved by using the texture and isovalent substitutions of both the K or Na and Nb atoms [1] . This has triggered many research activities for KNN-based materials across the world. KNN is a solid solution of potassium niobate (KNbO 3 or KN) and sodium niobate (NaNbO 3 or NN), which shows a morphotropic phase boundary at around 50% K and 50% Na [2, 3] . The perturbed angular correlation (PAC) is based on the hyperfine interactions (HFI). The PAC provides a unique way to study the electric properties of piezoelectric materials on an atomic scale through the electric field gradient (EFG) deduced from the measured HFI [4] .
140 La is a mother nucleus of the PAC probe nucleus 140 Ce and a small quantity of La could be doped into KNN-based materials for decreasing the phase transition temperature from an orthorhombic phase to tetragonal phase in order to enhance the piezoelectric properties.
An accurate calculation of the EFG tensor is required, with which the comparison of the measured EFG can well determine the electronic structure of materials. The first-principle calculations in the framework of the density functional theory (DFT) [5] without arbitrary suppositions have been performed for different atom sites, such as BaTiO 3 [6] , K(Ta 0.56 Nb 0.44 )O 3 , etc [7] . The tetragonal KNN crystal with the K or Na atoms partly substituted by La atoms can be investigated through calculating the Density of State (DOS) and the EFG by the WIEN2K code [8] via the full potential linearized augumented plane wave plus local orbitals (APW-LO) method [9] . The present work was motivated to investigate the La doping effect on the piezoelectricity in the K 0.5 Na 0.5 NbO 3 crystal with a tetragonal phase through the first-principle calculation and to learn about the piezoelectric origin of this kind of crystals.
First-principle calculation
The La-doped KNN crystal with a tetragonal phase at room temperature shows higher piezoelectric properties. To calculate the electronic structure of K 0.5 Na 0.5 NbO 3 , the unit cell lattice with a = b = 3.996 and c = 4.063 [10] in the tetragonal phase was used to construct a 11 × 2 supercell in the [001] direction for KNbO 3 and NaNbO 3 , respectively. For the La-doped KNN crystal, a 2 × 2 × 2 supercell was constructed with the K or Na atoms partly substituted by the La atoms. The calculations by the full potential linearized augumented plane wave plus local orbitals (APW+LO) method in a scalar relativistic version were performed with the WIEN2K code [8] . Exchange and correlation effects were treated within the density functional theory using the generalized gradient approximation [11] . The atomic radius used for K, Na and Nb was 1.8 au, and, 2.1 au and 1.55 au for La and O, respectively. The product of R · Kma that controls the size of the basis set was chosen to be 7, where R is the smallest muffin-tin radius and K max is the largest wave number of the basis set. Once a self-consistency of the potential was achieved, quantum-mechanically derived forces were obtained. The ions were displaced according to a Newton damped scheme and the new positions of the atoms were obtained. The procedure was repeated until the forces on the ions were below a tolerance value of 0.025 eV/Å. The k points in the irreducible Brillouin zone were taken as 75 for the unit cell and 40 for the supercell.
3 Results and discussion
Electric field gradient
The structure relaxation and EFG introduced at the La atom site are listed in Tables 1 and 2 , respectively. The bond lengths are taken at the maximum force of less than 0.025 eV/Å for different atom sites. Table 1 shows that the bond length of the K-O or the Na-O in the La doped system is larger than those in the pure system for both directions, which implies the valance bond force of the La doped system is weaker than that of the pure system. The relaxations of La in both K and Na sites are anisotropic, i.e., the Nb-O1 bond is larger than the Nb-O2 bond, which is opposite to the initial un-relaxed structure. The La atom makes the structure of the KNN distorted along the [001] direction, which implies that the La impurity atom might be the key to decrease the phase transition temperature from the orthorhombic phase to tetragonal phase, or to shift the lattice structure to the tetragonal phase, so that it enhances the piezoelectric properties to a certain degree. The principal components of the EFG tensor is along the [001] direction with an asymmetry parameter of η = 0. For the La-doped KNN the EFGs at the K and Na sites are remarkably different. Especially, the sign of the EFG at the K site is opposite to one at the Na site. From the total energy of the two La impurity sites, one can see that the La impurity favorably occupies the Na site. 
Density of state
In order to understand the role of the substitution effect of the K, Na and Nb atoms partly by the La atoms on piezoelectricity in the KNN, the DOS calculations for the atoms in the pure KNN crystal and the La-doped KNN crystal were performed through the eigen-values and eigenvectors in the case of sufficient k-points in the Brillouin zone. The total DOS and the partial DOS (PDOS) calculated for the pure KNN crystal are shown in Fig. 1 and for the La-doped KNN crystal in Fig. 2 . It can be seen that the total DOS shows some peaks caused mainly by the 4d states of Nb in the conduction bands and 2p states of O in the valance bands. Fig. 1(d) and Fig. 1(e) show that the DOS of the 4d state for Nb and the DOS of the 2p state for O have an equal valence band width in the energy range from −6 eV to 0 eV for the pure KNN, and Fig. 2(d) and Fig. 2(e) illustrate the same phenomenon for the La doped KNN, indicating significant hybridization between the 4d [12] . When the K or Na atoms are substituted in part by La atoms, a comparison between Fig. 1 and Fig. 2 clearly shows that the valance bands of all the atoms move to the Fermi surface, which restrains the hybridization of Nb-O, and then weakens the piezoelectricity. The calculation results agree well with the experimental observation that piezoelectricity decreases obviously with the increasing of the doped La content.
Conclusion
The La-doping effect on the piezoelectricity in the KNN crystal has been investigated for the first time, using the first-principle calculation. The result indicates that the strong hybridization between the 4d state of Nb and the 2p state of O is the origin of the piezoelectricity in the KNN crystal. The La doping introduces the anisotropic relaxation, which might be the main reason for the decreasing of the phase transition temperature from the orthorhombic phase to tetragonal phase, or for shifting the lattice structure into the tetragonal phase. As a result, the piezoelectric properties are enhanced to a certain degree. The DOS peaks all move to the Fermi surface, illustrating that the hybridization of Nb-O becomes weak and the piezoelectricity will be reduced when the La doping content increases further.
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